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ABSTRACT
This research explores the history and structure of carbon nanotubes and the current technologies
and methods available for synthesizing, purifying, and assembling carbon nanotubes.
Furthermore, the current state of fabrication of carbon nanotubes has not reached a level where
they can be commercialized. The most commonly used techniques of chemical vapor deposition
(CVD), arc discharge, and laser ablation are discussed in detail with emphasis placed on three
criteria: cost, rate, and flexibility. Satisfactory achievement in these three areas will result in the
ability to have carbon nanotubes as a product. Assembly methods like nanopelleting and
individual transplanting has helped make great strides towards reaching a state of
commercialization, but several advancements need to take place with respect to carrying current
processes out on a larger scale at affordable prices.
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Chapter One
1. Introduction
1.1 Motivation for this work
Extensive research has been conducted and large amounts of money has been poured into examining
the physical properties of carbon nanotubes and their potential implementation into commercial
applications, such as antiballistic vests, solar panels, and transparent and flexible transistors. However, the
primary obstacle preventing CNTs from being commercialized and manufactured for use is the challenges
behind manufacturing the nanostructures. This research aims to analyze current production methods with
respect to producing high-quality CNTs in a cost-effective and large-scale fashion. Additionally, this
research will discuss what advancements need to be made in the current manufacturing technologies to
provide for a more controlled and economic fabrication process.
1.2 History of Carbon Nanotubes
The discovery of carbon dates itself to prehistoric times in the form of soot or charcoal.
While records maintain that the discovery of carbon nanotubes can be attributed to Sumio lijima
in 1991, carbon filaments, a macroscopic analog to CNTs, with diameters of less than 10 nm
were synthesized through the same methods many years preceding this date [1]. Dating back to
the 19' century, there have been needs for materials exhibiting the properties of carbon
filaments, and the first ever carbon filament developed was by Thomas Edison with its
implementation in the light bulb. This filament used bamboo fibers to wind a coil that was
thermally decomposed to produce a carbon resistor that would shoot off light when heated with
an electric current. Further application based research was conducted in the latter half of the 201
century to fill the needs of the aerospace industry. This industry was looking for a material that
would provide superior mechanical properties at a lighter weight. Researchers had been
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impressed by the mechanical properties of the one-dimensional carbon networks, and this led to
developments in polymer-derived carbon products, like rayon and polyacrylonitrile.
Around the 1960's, a shift in focus occurred where researchers realized that in order to
enhance carbon materials, more research had to be done in remedying the defects in the
structures so as to prevent the propagation of cracking. This process would prove to be difficult
in polymer-based carbon materials, so research began on synthesizing carbon filaments with a
more crystalline structure. This proceeded with the catalytic Chemical Vapor Deposition (CVD),
which led the phase in vapor grown carbon filaments.
Moreover, the discovery of fullerenes in 1985 by Professors Smalley, Krolo, and Curl at Rice
University further stimulated the motivation of research in carbon filaments [2]. There had even
been the idea that single-walled carbon nanotubes were a limiting case of fullerenes, and this was
primarily thought due to the fact that the semispherical caps at the ends of carbon nanotubes
resembled the structure of fullerenes. What's even more suspecting is that the smallest reported
diameter of a carbon nanotube, which would be the single-walled case, shares the same diameter
of a C60 fullerene, also known as the "Bucky Ball." Through the collaborative research on the
clustering of carbon in laser ablation, they found that clusters of 60 and 70 carbon atoms formed,
with the former forming at an abundance of nine times as much to the latter. Ensuing
experimentation revealed that these carbon molecules with 60 vertices are chemically inert as
well as stable when great amounts of heat are applied [3].
Extensive research and the expanding field of carbon nanotubes really only took off after
Sumio Iijima's "discovery" in Tsukuba, Japan where he used High-Resolution Transmission
Electron Microscopy (HRTEM) to identify MWCNTs that had been found in carbon-soot that
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formed through arc discharge between two graphite rods [4]. While theoretical predications in
1992 on the electronic properties of CNTs spurred the increased study of this field, it wasn't until
1998 that experimentation validated these hypotheses [1]. It is the unique properties inherent in
CNTs that even now fuel further research, and because many of the properties inherent in this
material is known, research has and must continue to develop with regards to advancing the
manufacturing process to where CNTs can become a commercialized product. There is,
however, great controversy over who truly discovered carbon nanotubes first. During this
postwar era, political conflict had mounted between the western world and the Soviet Union. As
a result, not many of the discoveries in the Soviet Union were broadcasted or known to The
West. In 1952, Radushkevich and Lukyanovich published images of tubular carbon filaments
with diameters ranging from 50-100 nm that were grown through thermal decomposition of
carbon monoxide over iron catalysts at 600C [5]. Even so, there was further work done prior to
1991 by Oberlin, Endo, and Koyama in 1976 where transmission electron microscopy (TEM)
micrographs showed cabon nanotubes with a diameter of 5 nm [6]. Despite these earlier
breakthroughs, the spark that began a flood of research in this area was the work of Iijima in
1991.
1.3 Physical Description of Carbon Nanotubes
Fundamentally, a CNT is a single sheet, or several concentric sheets, of graphene that has
been rolled into a seamless cylinder [1]. A graphene sheet is a network of carbon atoms arranged
in a hexagonal structure and is one carbon atom thick (Figure la). The number of graphene
sheets concentrically rolled up determines how many walls the CNT has, and the number of
walls can dictate the properties of an individual nanotube. CNTs are categorized into three
different categories with respect to the number of walls. The two primary types are single-walled
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carbon nanotubes (SWCNTs), multi-walled carbon nanotubes (MWCNTs). The third types are
the double-walled carbon nanotubes (DWCNTs). SWCNTs typically have a radius of a few
nanometers while its length can span up to several centimeters; thus, they can have a length-to-
radius ratio up to 107 [7]. MWCNTs are carbon nanotubes that are several sheets of graphene
concentrically rolled into cylinders, as pictured in Figure 1.1b. The graphene sheets in
MWCNTs are separated by a distance of 3.4 angstroms [8]. The three categories of CNTs can be
seen in Figure 1.1b.
a) b)
MWCNT
Figure 1.1: A graphene sheet (a) and a visual depiction of single-walled, double-walled, and multi-walled carbon
nanotubes (b).
Carbon, the sixth element in the periodic table, has six electrons occupying the is2, 2s2,
and 2p2 orbitals. This orbital geometry provides for the many different electron configurations
within the carbon atom and also dictates the bonding capabilities with other carbon atoms. The
1s 2 orbital is closest to the center of the atom, so the electrons in this orbital are held most
strongly to the atom. The two outer orbitals are at lower energy states and are therefore more
available to covalently bond with other molecules. The 2s and 2p orbitals have a small difference
in energy level, and it is this quality that allows them to easily mix with each other, also known
as hybridize. The hybridizations sp, sp2 , and sp3 are what make carbon special as other elements
10
in the elemental group IV like Si and Ge mainly show the sp3 hybridization. The hybridization of
carbon atoms allows it to increase the binding energy of carbon with other carbons. An
additional consequence of the three hybridizations is various structural geometries. Carbon
chains are formed by bonds held by the sp hybridization while planar and tetrahedral structures
are produced by sp2 and sp3 hybridizations, respectively. Having a sound grasp of the bonding
capabilities and geometry is critical to understanding the synthesis and physical properties of
carbon nanotubes as much of the supreme qualities of CNTs are derived from the stable and
chemically inert nature of these structures.
CNTs form naturally from graphene sheets largely as a result of the high energy state of
dangling bonds on the edges of graphene sheets. In order to reach a lower, more stable energy
state, the carbon sheets curl up into enclosed structures that result in the formation of carbon
nanotubes and fullerenes. Because CNTs are formed from sheets of graphite, one could expect
the sp2 bonds to play a primary role in their structure. The sp3 hybridization also plays a role,
though much smaller, in forming CNTs. Whereas sp2 bonding occurs along the axis of the CNT,
sp3 bonds can be found in the circumferential direction. The geometry of carbon nanotubes is
indicative of the very small ratio of sp3 to sp2 bonds as the length of carbon nanotubes is far great
than the diameter [4].
1.4 Carbon Nanotube Properties
MWCNTs, while first synthesized by arc discharge with graphite electrodes at
temperatures measuring nearly 3500'C [9], are now commonly manufactured through chemical
vapor deposition (CVD) at temperatures ranging between 600-1200C [10]. They are also
created in much larger volume than SWCNTs. On the other hand, SWCNTs are synthesized in
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the range of 400-600C [11]. MWCNTs are metallic and exhibit difference electrical properties
than SWCNTs, which can be either semiconducting or metallic depending on chirality.
The mechanical properties of CNTs make them the toughest and strongest material
currently known. They exhibit extreme superior mechanical performance when subjected to
buckling and torsional loads as well as compression and tension tests. They achieve this all while
not breaching the integrity of their carbon-to-carbon bonds [12]. The chemistry behind the
graphene material used to create CNTs is critical in evaluating CNT properties. Carbon-carbon
bonds are some of the strongest bonds that occur in nature, and this is partially responsible for
the great mechanical strength in CNTs. Further contributing to the strength and chemical stability
of CNTs is the fact that they are cylindrical and edgeless. Edges facilitate the occurrence of
defects because of exposed atoms. By attaching the edges of a sheet of graphene together to form
a cylinder, the material becomes chemically inert [13]. Relative to varying steel alloys, which
have a tensile strength and Young's Modulus of 1-2GPa and 200GPa, respectively, SWCNTs
have a tensile strength and Young's Modulus of 40-60GPa and 1.2TPa [10].
1.5 Chirality
A vector, called the roll-up vector (n,m), describes the rolling up of a sheet of graphene to
form the nanostructure. The magnitudes of n and m indicate the diameter of the tube, and the
direction associated with the vector determines the atomic orientation along the tube
circumference. The roll-up vector, or chiral vector, can be described by the equation,
C = n * a, + m * a 2 (1)
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where a, and a2 are the basis vectors of the graphene lattice. These vectors can be seen in Figure
1.2a. The locations of the interactions that form between the hemispherical caps and the
cylindrical body of the CNT can be determined through the superposition of both ends of the
chiral vector and looking at the vectors normal to that of the chiral vector at both ends [4].
Based on the carbon formations in the sheet of graphene, one can determine the chirality
of the tube. The chirality can be derived from the roll-up vector, for example, an armchair type
orientation occurs when n = m; a zigzag type occurs when m=O and chiral type occurs when
n:m. These chiralities can be seen in Figure 1.2b. Additionally, by knowing the values of m and
n, we can apply an equation to solve for the chiral angle.
6 = sin- ITNr3_m
L2 (n2+nm+M2)j (2)
Through varying angles of 6, we can also determine the chirality of the nanotube. Values of theta
equal to 00 result in an armchair tubes while values of 30* form zigzag tubes. Values of the chiral
angle that fulfill the inequality 0<9< 30' produce chiral nanotubes.
a) b)
Armchair zigzag Chiral
nn Armchair
Figure 1.2: A visual representation of the possible chiral vectors on a sheet of graphene (a) and what the 3-
dimensional representation of the three different chiralities.
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Not only can we determine the chirality through this vector, but also the electrical
properties and diameters of SWCNTs. Metallic, conducting nanotubes exist when the difference
between n and m is a multiple of 3, and semiconducting nanotubes exist in all other cases. For
SWCNTs, one can apply the Equation (1) to find the diameter of the nanotube.
d = 'acn 2 + nm + m 2  (3)7r
In this equation, acc is the distance between each covalently bonded carbon atom. This is a
constant value of 1.42 angstroms [10].
Controlling the chirality of a SWCNT is a key factor in determining the practical
application of a CNT. In CVD, carbon grows off of a metallic catalyst. The geometry of the
carbon's growth into a tube is a big indicator on its chirality. In this method, the metallic catalyst
has too broad of a distribution of size and microstructure because of the lack in control on
nanoparticle formation. While CVD is seen as the most economic and controllable process, it
needs to become more controllable in determining an effective size and structure to reach a state
where they can be better implemented. It has been theorized that growing nanotubes in CVD off
of epitaxially-formed nanoparticles can enhance selectivity; however, no one has been able to
achieve this. This is believed to be true because they typically "exhibit a well-defined crystal
structure and uniform morphology [12]."
1.4 Summary
Ever since their widespread recognition in 1991, researchers from areas of study ranging
from physics to chemistry to mechanical engineering have been flocking to conduct research in
CNTs. These promising nanostructures have shown properties unparalleled by any other
material. The chemistry behind carbon-to-carbon bonds and the different hybridizations inherent
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in a carbon atom provide for one of nature's strongest bonds. Despite much research on the
superior properties of these nanostructures, they haven't been commercialized or implemented as
a product due mainly to manufacturing issues. Processes have not yet been developed where
CNTs can be manufactured in high volume at reasonable prices. Furthermore, there currently
isn't a method that allows CNTs to be manufactured in high quality without having to go through
several steps of purification that add time and cost to the process. Because a CNT's chirality
dictates much of its properties, research has been done and is continuing to be conducted on how
to control chirality throughout the carbon growing process in hopes of being able to better
control the crystalline structure.
Chapter Two
2. Production of Carbon Nanotubes
2.1 Growth of Carbon
Carbon nanotubes are grown in very high temperatures through several methods. The
primary methods are chemical vapor deposition, laser ablation, and arch discharge. In each of
these three methods, high temperatures break up bonds with carbon atoms where they are then
available to collect and condense on surfaces to form CNT forests. The latter two methods use
energy to vaporize pure graphite whereas the former method, CVD uses heat to break apart the
bonds in a hydrocarbon gas. The temperatures at which the nanotubes form have an influence on
the structures, and different methods thereby have different advantages and disadvantages, that
include the cost, purity, as well as controllability. The CNTs can be found in the soot created in
each of these three processes. As the carbon grows during these processes, they obtain defects
that are either impure carbon particles, or metallic particles from the catalysts used.
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A general framework that describes the growth mechanisms of CNTs in any process can
be seen in Figure 2.1. This four step process was outlined be Ebbesen [14], who also proposed a
periphery growth model of CNTs that carbon grows on the edges of a catalyst. Much other work
has been done to observe how CNTs grow. Oberlin et al [15] believed that carbon growth occurs
as a result of lateral movement on the surface of the catalyst. Lastly, the Baker-Harris bulk
diffusion model [16, 17] asserts that carbon aggregates on the surface of the catalyst and then
diffuses into the catalyst's face as a result of a thermal gradient. While using nickel as a catalytic
material, Kuang et al [18] proclaimed that diffusion occurs faster on some surfaces than others,
but this model was later placed under question when Wen et al. [19] showed that CNTs grow in
an electric field's direction and not along a preferred direction that might be dictate by a
catalyst's crystalline structure.
(2) Creation of
(1) Integrating carbon through the (3) Condensation of (4) Termination
metal catalyst on decomposition of carbon onto metal of growth
a substrate hydrocarbon or particle
graphite source
Figure 2.1: A flow chart describing the general process for synthesizing CNTs.
Each model has several differences, but what links each of them is the vapor-liquid-solid
diffusion mechanism, which is shown in the commonality that all models propose the diffusion
of carbon in the presence of a catalyst. Furthermore, there are several different methods of
synthesizing CNTs, which will be touched on further in this section, and they each have different
growth mechanisms. This supports the fact that there can be several different growth models and
not one governs all methods of synthesis [20].
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2.2 Chemical Vapor Deposition
The most common method of fabricating nanotubes is through Chemical Vapor
Deposition (CVD), which consists of several steps. Inside a chamber where the CNTs are grown,
air gets displaced by flooding the chamber with a chemically inert gas like Argon. Once this
stable atmosphere is achieved and the chamber is unreactive, the chamber is heated to the
temperature at which the catalyst can react with the atmosphere, where it will remove the
surfactant coating of the catalyst particles. In this atmosphere, a hydrocarbon gas is inserted into
the reactive chamber. Spurred by the presence of a transition metal catalyst, the hydrocarbon
molecules break apart, and the carbon atoms form in tubular structures on the metallic catalyst.
The hydrocarbon used in synthesizing MWCNTs is commonly ethylene (C2H4) or acetylene
(C2H2) under temperature conditions ranging from 550-700C. Several typical catalysts used in
this process are Iron (Fe), Nickel (Ni), and Cobalt (Co). Because carbon is soluble with these
elements at high temperatures, carbon-metal solutions can form and lead to nanotube growth.
a)
\CxHy/
F'Stra
b)
CxHV
Substrate I
Figure 2.2: Typical CVD
\ C H y/ C ~ x x yC~
Growth stops
CrHy
\CxHy/ C
C H2t
growth procedures: base-growth method (a) and tip-growth method (b).
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Several factors can affect the growth of CNTs, such as reducing agents like hydrogen. When
used as a reducing agent, hydrogen mixes with the gases in the furnace, reducing the catalyst to
its metallic iron state. When in this state, coarsening occurs. When optimized, the coarsening can
improve the growth of CNTs by yielding higher, more uniform CNT forests [21].
Advantages to this process are the fact that it is more easily controlled than other methods,
like laser ablation and arc discharge. Experimentation has been conducted on using different
substrates and catalysts to control the chirality of the CNTs that are formed. Experimental and
theoretical research has shown that CNTs form based on the crystalline structures of the catalysts
off of which they grow as if the catalysts offer a template for the growth. Therefore, by
experimenting with different catalysts, one can achieve a more desired result in terms of CNT
structure and purity [12]. With regards to creating SWNTs or MWNTs, different catalysts can
provide for different desired nanotube types [22]. Contrary to the two aforementioned growth
processes, CVD is done at much lower temperatures, and is therefore less taxing on energy
expenses. However, CVD produces more defects relative to the others, and this can be partially
attributed to the low growth temperatures that don't allow the nanotubes to form their desired
crystalline structures, though this can be largely controlled through changing various parameters
in the CVD growth process like temperature, carbon feedstock, and metallic catalyst.
It is known that high temperatures are requisite for forming small diameters among
SWCNTs. The small diameters then provide for high strain energies and increase the probability
of highly crystalline nanotubes lacking defects. Among the hydrocarbon gases readily available,
methane remains to be the one that is most stable at the temperatures needed for such synthesis.
The catalyst used can have a heavy impact on the quality and amount of CNTs yielded. The ideal
catalyst should have the characteristics of high surface area, large pore volume, and superior
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metal-support interactions at high temperatures. Strong metal support interactions pave the way
for metal dispersion, which translates into large populations of catalytic sites. The metal support
interactions also aid in preventing the accumulation of metallic particles that might otherwise
result in a buildup of defective graphitic particle masses. For scaling up production of carbon
nanotubes to bulk manufacturing, having a large surface area is a key quality needed by catalysts
as it would result in larger yields of CNTs.
For purification purposes, CVD grows CNTs to be purified much more easily than the
evaporation methods due to the greater level of vertical alignment. Evaporation methods tend to
yield CNTs that cross over and tangle amongst each other, which make purification and
assembly much more difficult [4].
2.2.1 Plasma Enhanced Chemical Vapor Deposition
Plasma Enhanced CVD, or PE-CVD, has become a very popular method for growing
CNTs given that it takes care of vertical alignment during the growth process. The key difference
between this and CVD is that an electric field ensures that CNTs grow vertically. The parameters
defining the electric field are the voltage, anode-cathode shapes and distance, the type of gas
used, and the temperature of the substrate. Direct current is commonly used for PE-CVD though
microwave and RF based power supplies can be implemented. Chhowalla et al [23]
experimented with the PE-CVD method and found several influencing factors on the growth of
CNTs.
Silicon substrates treated in native oxide, Si cleaned with hydrofluoric acid, and Si with a
50nm Si0 2 was used and each was coated in either Co or Ni catalyst. After introducing 20-30
Torr of pure H 2 or N2, the chamber was heated to 750'C for 15 minutes. A copper anode and
cathode pair of 2mm in diameter and lcm long separated by 2cm were used for a DC discharge
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that was powered by a 1 kW supply. The bias voltage was set to -600V while C2H 2 was injected
into the system. From this experiment, several relationships were determined between the
influences of parameters like the C2H2 :NH 3 ratio, bias voltage, substrate treatment, and catalyst.
It was demonstrated that the catalyst layer placed on the substrate breaks into islands, and the
size of these islands dictates much of the geometry of the CNTs like diameter, growth rate, and
density. It was also observed that diffusion of carbon into the catalyst causes growth of the CNT
with the catalyst on top. This can be seen and described as the "tip growth method" that is
pictured in Figure 2.2b. This helps the alignment in the electric field as the Ni and Co, particles
influenced by the electric field, align with the direction of the electric field. Moreover, for
concentrations of 20-30% C2H2 , CNTs showed the greatest alignment and uniformity in
diameter. Voltages of OV, -400V, and -600V were tested, and no plasma was found at OV, and
insufficient alignment was observed at -400V while -600V showed "perfectly aligned" CNTs.
While testing with regards to temperature occurred at 550*C, 700'C, and 900'C, it was observed
that 700*C was the best. This can be attributed to the fact that at 550'C the temperature isn't high
enough to decompose the hydrocarbon gas. At 700'C, CNTs were well aligned and uniform in
size as opposed to at 900'C where the CNTs are more tangled, which may be caused by ion
damage [24].
From varying several parameters, it was experimentally determined how to get the most
ideal growth for desired qualities such as alignment, geometrical uniformity, and density. Having
the electric field to help align the CNTs aids in its applicability to nanopelleting, a method that
will be touched upon in Chapter 4. The fact that uniformity and alignment can be achieved in this
method with high yields is a critical step in moving in the right direction for large scale
manufacturing of CNTs that are of adequate quality to be used in useful commercial products.
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2.3 Laser Ablation
Laser ablation, also known as laser vaporization, was founded by Professor Richard
Smalley at Rice University in 1996 during their research of the effects of laser impingement on
metals [1]. While conducting their experimentation, they created large amounts of SWCNTs at
1200C. This method involves a piece of graphite that is targeted by a plasma laser in a high
temperature reactor that is filled with an inert gas, like argon. In this process, the plasma laser
vaporizes the graphite. Lasers have a very high energy density, which makes them an appropriate
mechanism to vaporize materials with higher boiling temperatures, like graphite. When the
graphite is vaporized, the carbon atoms are carried downstream by the inert gas, and they
ultimately condense and collect on a cold finger where they form CNT ropes that are held
together by van der Waals forces. Both types of CNTs can be created through laser ablation-it
depends on whether transition metal catalysts are used. One can synthesize MWCNTs when the
target is pure graphite whereas SWCNTs are synthesized with the addition of a transition metal
catalyst to the graphite target. A similar process that uses a similar method of vaporizing pure
graphite to grow CNTs is arc discharge. However, a direct vaporization method like laser
ablation permits for greater control, a trait heavily desired in CNT synthesis. Also, laser ablation
can be continuously operated and produces a larger amount of higher quality CNTs relative to
arc discharge [4].
furnace at 1200 0C
c lctor
argon gas
nanotube fell
graphite target
Nd-YAG laser
Figure 2.3: Pictured is a diagram of the laser ablation process where a laser vaporizes a graphite target. The carbon
molecules collect on a cooled surface where nanotubes subsequently grow.
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Laser ablation produces some of the highest quality CNTs with satisfactory diameter
control, but it does require massive amounts of energy. The high energy density within the lasers
used in this process vaporize the carbon at the molecular level as opposed to cutting it into
graphite particles, and this is a fundamental reason why the quality from laser ablation tends to
be superior to other methods. Additionally, the temperature and flow conditions here are much
more uniform than in vaporization through an arc discharge, which allows for a more
homogenous structure [13]. The levels of energy required for this process make it unfeasible for
large scale production on a cost basis. Moreover, this process requires the use of relatively large
blocks of carbon or graphite, and these materials are difficult to obtain which limits the
widespread use of this method. Lastly, as with most processes, the CNTs produced have many
defects and form in tangled bunches.
2.4 Arc Discharge
The arc-discharge method is one of the oldest processes used to grow CNTs, and this was
first used by Iijima in 1991 when he created the carbon-soot in which he found MWCNTs. The
process of making fullerenes is similar to that of CNTs. As opposed to the DC voltage that lijima
used in his 1991 experiment, Kratschmer et al used a DC voltage in 1990 to produce fullerenes
[13]. Like the two aforementioned methods, high temperatures are used to evaporate the carbon.
In this method, two graphite electrodes are placed vertically in a chemically inert chamber with a
gap of between 1-2 millimeters in between. Carbon atoms are then evaporated by the ignition of
plasma helium gas by a high current that passes between the carbon anode and cathode [4]. Both
SWCNTs and MWCNTs are synthesized from this process; however, SWCNTs require a
catalyst whereas the latter does not. By controlling conditions such as the inert gas' pressure in
the chamber and the arcing current, MWCNTs can be made. While arc-discharge does produce
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relatively high quality nanotubes, it is not known for being a sustainable method with respect to
large-scale production. A schematic of the apparatus used in this process can be seen in Figure
2.4.
Electrode+
connection
Vacuum chamber
AnodefTopm
Cathode
Floyw
controller
Water- ot
holder Gas inlet
Electrode
connection
Figure 2.4: Pictured above is a schematic of the instrument used to grow CNTs through the arc discharge method.
In 1992, Ebbesen and Ajayan made a large step in synthesizing CNTs with arc-discharge by
producing high quality MWCNTs on the order of a gram [4]. On the other hand, the synthesis of
SWCNTs was first completed by this method in 1993 when Bethune used carbon anodes with
traces of cobalt catalysts. In the by-product soot, large amount of SWCNTs were observed.
When these areas of CNTs are synthesized in this process, weak van der Waals bonds between
neighboring carbon nanotubes form and hold each other up. These bonds as well as the highly
crystalline structure formed by arc discharge makes the tracts of CNTs very straight. This
vertical alignment is a characteristic that is sought to be replicated in any large-scale production
method.
As previously mentioned, homogenous conditions are a bit harder to achieve in arc
discharge due to the electrodes and convection flow. However, a method has been created that
combines elements of laser ablation with the conventional arc discharge method described
above. In this hybrid method called high-temperature pulsed arc discharge, a graphite sample is
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pulsed with a DC arc discharge in a heated chamber. Several parameters that can be changed for
better control are the temperature and flow rate. The diameter of the CNTs can be altered by
changing the temperature inside the chamber. Diameter size is positively correlated with
temperature within the furnace. The flow rate can also be altered to shape the diameter
distribution in which a slower flow rate will result in a more evenly distributed diameter
throughout the length of a nanotube. As in any other growth process, defects are still present.
While it does take further resources, these defects can be remedied through purification
processes, namely exposing the CNTs to an environment saturated with oxygen. Due to the
carbon defect particles having a higher oxidization rate than the CNTs, the particles will remove
the defects, but the CNTs will also oxidize, and in the purification process, some CNTs will be
lost.
Chapter Three
3. Purification Processes for Synthesized Carbon Nanotubes
Purifying CNTs is not a one step process, nor is there one method that will work the first
time to remove impurities. Several labs use the schematic pictured in Figure 3.1 as a framework
for the purification process. While this flow chart can be applied to any batch of SWCNTs,
certain batches may need the repetition of certain steps more than others depending on how
impurities react or arise based on the different agents and treatments used. In determining the
impurities, electron-microscopy (EM) is used. The types of impurities seen through EM will then
determine the best treatment to use based on the concentration of fullerenes, metal catalysts,
amorphous carbons, or graphitic carbon. On top of the type of defects, the density of the defects
will justify the choice of treatment used. CNTs with high defect densities cannot use strong
oxidizers for treatment, and the same applies for CNTs with smaller diameters. Nanotubes with
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smaller diameters are more reactive because they exhibit more strain. Exposing small diameter
nanotubes to a strong oxidation agent runs the risk of destroying the nanotubes as they're looking
to react more than larger diameter nanotubes to relieve the strain and reach a more stable state.
Nanotube Sample
Determine major impurities
Determine defect density and diameter
distribution of nanotubes
Choose suitable oxidizing agent and metal
removing agent
Repeat and Physiochemical
Optimize treatment
Microscopy evaluation of purity
Figure 3.1: Pictured above is a step-by-step flow chart of the SWCNT purification process
There are several different treatment methods, among them are oxidative methods,
chemical functionalization protocols, filtration and chromatography, and microwave heating. In
this research, we will consider the oxidation treatment. It is the most promising to implement on
a large scale and is the most common because it targets both metal catalysts and amorphous
carbons.
3.1 Oxidation Based Purification
Oxidative methods occur both in the liquid and gaseous states and are frequently used
because of their better ability to be used on a larger scale. Some of the common agents used in
the liquid state are NHO 3, HCl, and H 2S04, and the common gaseous agents are 02, H 2, and air.
Nitric acid is a common agent used because of its effectiveness and low cost. In oxidation
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techniques, amorphous carbons can be oxidized from all sides, which make their removal
possible as the CNTs are primarily being "attacked" from the ends where the carbons are more
strained. In the very first oxidation purification experiments, amorphous carbons were oxidized
in air or pure oxygen, relying on the fact that they oxidize more readily than the nanotubes
themselves. The technique with air or pure oxygen is rooted in the fact that CNT oxidation
behavior occurs around 700*C in these environments. Thermogravimetric analysis has shown
that CNT show the beginnings of weight loss around 700 C and turn completely to carbon
monoxide and carbon dioxide at 860C, so in order to oxidize away the impurities, the process
was carried out in air at 760 C and yields as high as 40% had been recorded. In general,
oxidizing in air or oxygen isn't the most promising, but it paved the way for the use of acidic
treatments [24]. Metallic impurities tend to grow when oxidized and can breach the walls of
CNTs creating vacancies where the cracks form [25].
Several researchers at the University of California, Riverside tested the effectiveness of
this method by taking CNTs from electric arc-produced methods and testing them under several
conditions and exposure times of nitric acid solution to determine optimal purification
conditions. Nitric acid, a very strong oxidizing agent, not only removes metallic impurities in
carbon nanotubes but also converts sections of carbon nanotubes into carbonic impurities.
Therefore, experimentation has been conducted to better understand and optimize the ratio of
impurities removed to the impurities created.
In this process, the nitric acid solution is introduced to SWCNTs at a ratio of 150 mL of
HNO3 per gram of SWCNTs. This mixture is continuously refluxed for several hours and then
cooled and washed with a deionized water solution to reduce the acidic content. Afterwards, the
carbon nanotube solution is filtered through a membrane with pores on the order of 1 micrometer
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in diameter. The CNTs are washed again with deionized water and dried at room temperature.
Empirical results have shown that the ideal molarity and exposure time for purifying SWCNTs is
3M HNO 3 at an exposure of 12 hours and 7M HNO3 at an exposure time of 6 hours. Starting
with an initial batch of 41% purity and a metallic content of 28.1%, the aforementioned
combinations yielded batches of SWCNTs at 36% purity with a metallic content of 6.3% and
31% purity with a metallic content of 4.2%, respectively [26]. This experiment was carried out
with an initial batch created from graphite evaporation, which is why more acidic HNO3 is used.
When tested with a batch created by CVD, an exposure of 2.6M HNO 3 solution at 96 hours
increased the yield from 3% to 20% [25]. With nitric acid, carboxylic acid groups are added to
defect sites. The introduction of these charged molecular groups in the structure of the CNTs
allows them to repel each other and become soluble in aqueous solutions. Having the CNTs
become soluble helps for further purification in filtration.
3.2 Filtration Purification Procedures
Microfiltration and chromatography are purely physical purification processes, so no
chemical agents are added. Because no oxidative treatment is implemented in this step, this
process isn't a big threat to damaging or losing CNTs. However, a disadvantage is the number of
repetitions of filtration a batch of CNTs must undergo to achieve adequate purity levels. These
physical methods are often used after oxidative processes to further purify CNTs. Microfiltration
involves making an aqueous solution that has a cationic surfactant, and this solution consists of
SWCNTs, coexisting carbon nanospheres, and metal nanoparticles. A membrane filter then traps
the SWCNTs while the defects flow through the membrane. As opposed to repeating the
filtration process, Bandow et al created a process that allowed for only one step. As prepared
SWCNTs were saturated with CS2 to pull out the fullerenes and defective carbons, and these
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particles were caught in the filter. These particles were then sonicated in benzalkonium chloride
to separate the nanotubes from the rest of the particles. The duration of the sonication was two
hours and was followed by forcing the solution through a microfilter using N 2 gas at a pressure of
2 atm. In this step, most of the defective particles passed through the filter while the CNTs were
caught. This filtering process was repeated three times to ensure that all impure particulate
passed through the filter and wasn't caught behind with the CNTs. This processes yielded a
purity of 90% [24].
Chromatography is another purification technique that doesn't harm the CNTs. This
method has primarily been used for separation. In this process, CNTs flow through a porous
membrane that separates different sized nanotubes based on the size of the pores.
Chromatography is often used as a complementary technique to other purification methods
because, in order to be satisfactorily purified, CNTs need to associate with molecules in specific
solvents, or they need to be dispersed. Some processes that are frequently paired with
chromatography are ultrasonication, cross flow filtration, or chemical functionalization.
Cross flow filtration helps deal with the problem of having too large of a buildup in
material at the filter surface, which makes the filtration process slower because not as much can
pass through. This process helps because as opposed to flowing into the filter, the solution flows
across the filter. In this case, solids get trapped in the filter while the filtrate flows through to the
opposite end. As can be seen in Figure 3.2, with a specific head pushing the filtrate down the
channel, the chances of material clogging the filter's pores is less likely [27].
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Figure 3.2: Above is a visual depiction of how cross flow filtration works
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Ultrasonication is another technique that is used to aid the filtration process. By applying
sound to agitate particles, the same effect can be achieved as in cross-flow filtration where the
membrane does not become clogged as a result of the continuous movement of the particles from
sounds. Additionally, this suspends nanotubes and nanoparticles in the solution [28]. Sonication
is useful for getting rid of the amorphous carbons that stick to the walls of CNTs by adding
specific solvents. The molecules in the solvent interact with the CNTs and increase solubility.
The increased solubility helps purification with additional purification techniques.
The selection of purification techniques will vary dependent upon the quality of CNTs
that are being dealt with. Different methods can cut CNTs, add chemical groups that add
functionality, separate CNTs based on size and diameter, or open tips. Combinations of
techniques that yield these results will depend on what the major impurities in a certain batch
are. CNTs produced using CVD will produce CNTs of different and likely lesser quality than
those produced with laser ablation and will therefore need a different set of purification
processes. For scalability purposes, CVD is the most promising synthesis technique available
right now, for the purposes of commercialization, purification techniques should be developed
around that.
Chapter Four
4. Carbon Nanotube Assembly
While several assembly techniques for CNTs do exist, a method that gives control over
the orientation, number of CNTs and shape has yet to be developed. The difficulty of such an
undertaking lies in the fact that there are more degrees of freedom in CNTs than in nanoparticles.
In this chapter, assembly processes of CNTs will be discussed based off two categories of
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applications. CNTs can be categorized as being assembled surgically, for example, in transistors,
or over a surface so that they can be implemented in coatings or films. Assembly requires being
able to locate individual nanotubes, which is complex and increases in complexity as you try and
target increasing numbers of individual nanostructures. Methods of targeting single
nanostructures include using guidance of magnetic and electric fields, pick-and-place using an
atomic force microscope, or growing CNTs on embedded catalytic seeds.
4.1 Nanopelleting
Nanopelleting has been a promising technique for direct assembly on a large scale, the
latter characteristic of which is its distinguishing quality. Professor Sang-Gook Kim at MIT
developed this technique to devise a way to manufacture ordered CNTs in large amounts. At the
heart of this assembly method is the novelty of growing CNTs in tiny pellets that can be
transplanted. These pellets are embedded in blocks that serve as a facilitator for transporting
CNTs once they've been grown. In addition to serving as a transportation tool, it aids in the
geometric properties of CNTs including their alignment. It is important to note that while
nanopelleting isn't actually a method of assembly, it does prepare arrays of CNTs to be more
easily and readily assembled. El Aguizy, MIT M.Sc. 2004, asserted that creating a technique
that will pave the way for widespread use and commercialization of CNTs can be grouped into
three main areas, those being growth, handling, and functionalization. For each of these areas of
importance, nanopelleting theoretically offers a solution. With regards to growth, the pellet
mechanism in place that serves as a seed allows for aligned growth, and a trimming mechanism
after synthesis controls the length. The catalyst used as the pellet will control the diameter size as
well as the crystalline structure. Having that said, there is a good degree of control for geometry.
The core of this technique is how it enables and facilitates handling by allowing for maneuvering
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at the micro-scale and not nano-scale. The functionality of nanopelleting is that growth occurs
"off-site" and can be grown in larger quantities. After the growth and geometrical modification
occurs, then the large tracts of CNTs can then be assembled by piecing the polymer blocks in
which they have been synthesized. El Aguizy has also created a chart that applies to many
assembly and manufacturing methods for CNTs and uses it as a framework for what
nanopelleting must achieve. This diagram is pictured in Figure 4.1.
Decoupling of CNT Use/Growth
Mass CNT Growth CNT Carrier Position at use site
Single Straight Length Selective Selective filler Assembly Anchoring
CNT CNT Uniformity release from removal E
substrate
Figure 4.1: Tiered chart of characteristics and requirements of nanopellets.
This chart shows that nanopelleting is a manufacturing process that runs from start to
finish. The pellets are used to synthesize CNTs, and the blocks in which the CNTs grow can then
be ordered accordingly into whichever arrangement is necessary dependent upon the end
product.
To begin this process, trenches where the catalysts must be placed are etched into a
substrate. Once the catalysts are placed into these holes, CNTs are grown through CVD. After
the CNTs are grown, a pellet filler is poured onto the substrate. In order to have the CNTs be a
uniform length, they are cut to the height of the substrate, which leaves them equaling the length
of the etched trenches. The pellets are then released by further etching away the substrate, and
the pellets are moved to a receptor substrate. While many of the processes previously described
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in this research can be mixed, matched and paired together as appropriate for varying desired
qualities in the end CNT product, nanopelleting is a method that has been described as a "seed
and harvesting" technique. By this, the entire process from synthesis to assembly preparation is
rolled into this technique.
Nanopelleting would be used for applications that require large areas of aligned and
geometrically uniform CNTs, for example, coatings and films. Experimentation has been
conducted where CNTs are shown to enhance field emission displays because of their high
electrical conductance, thermal stability, and high aspect ratio. Field emission displays require
large areas of geometrically uniform and vertically aligned CNTs, making nanopelleting a
promising manufacturing method. For other applications, like electric structures or transistors,
more surgical assembly would be required [20].
4.2 Individual Carbon Nanotube Transplant Assembly
Transplanting individual CNTs can be a very useful tool to assembly CNTs in applications
that would need a more surgical approach to assembly as opposed to assemblies that require
large surface areas. An example of this is using individual CNTs in an Atomic Force Microscope
(AFM). Because of the unique properties of CNTs, like their durability, high aspect ratio, ability
to buckle under excessive load, and the nano-scale diameter, AFM's that have tips made of
CNTs have the ability to show small objects with superior resolution. A technique to transplant
single CNTs was developed by Kim et al at MIT. His approach was somewhat similar to
nanopelleting, but scaling down the production to individual CNTs.
Here, Kim et al seeded CNTs with Ni catalytic particles at known locations in a substrate
which helped for later determining location once CNTs have grown. On a high level, Figure 4.2
explains the process from growth to assembly.
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Grow Place each Place CNT Remove polymer
vertical/aligned CNT in 1- into desired from base of
CNTs polymer block location CNT
Figure 4.2: A flow chart describing the four major steps involved in individual CNT transplant assembly.
A square of 21-by-21 dots were etched into a Si substrate through electron beam lithography,
each having diameters of 100-200nm. Plasma enhanced CVD was used to synthesize the CNTs.
Having a Ni particle as a catalyst allows for greater control in alignment in the presence of an
electric field, which is how alignment here is achieved. Once the CNTs are grown, two
polymers, SU8 and polymethylglutarimide (PGMI) are used to hold the CNTs. First, the SU8 is
used to hold the CNTs while the PGMI forms on top of the SU8. The PGMI is what is used to
convert the transplant process from a nano-scale operation to a micro-scale operation. At each
known location, cylinders are cut out of PGMI, and these are the capsules used to move the
CNTs. The SU8 is removed to expose the tip of the CNT. The cylindrical capsule is then used to
move the CNT to the tip of a silicon cantilever using a microbe stage under an optical
microscope.
Figure 4.3: The images above show the various stages in the growth and assembly process of transplanting individual CNTs.
Image (a) shows the grid through which the CNTs are seeded, while (b) shows the growth of the CNTs. Images (c) depicts the
encapsulated CNTs in PGMI, and (d) shows the CNT tip once the SU8 has been removed.
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This cylindrical capsule can be seen in Figure 4.3, an image taken by Kim that shows the
conversion between the nano to micro scales with regards to handling individual CNTs. The
encapsulated CNT is adhered to an AFM cantilever through the use of LOCTITE@ 408, and the
capsule is then sheared and etched off to expose the remaining CNT.
While this process does offer a great perspective and technique for very careful and precise
placement of a single CNT, it is hard to see this technique moving forward into large scale
production. The time it takes to precisely place an object at the nano/micro scale is too much,
and this would translate into a very expensive manufacturing process. Therefore, it violates two
core principles key to any large scale fabrication method, price and rate. This is all a manual
process and it may be more likely to achieve the standard needed if it could be automated. Kim
even recognizes at the beginning of his research that the "degree of complexity increases rapidly
as the assembly system's scale order grows [29]."
Chapter Five
5. Conclusion
Many of the current manufacturing processes have been summarized in the previous
chapters, and none of the aforementioned fabrication methods have reached a state where CNTs
can become a commercialized product based on the scale at which they can be produced at the
prices they currently require. Each step of the process offers its difficulty in achieving mass
production of CNTs. While tradeoffs may need to be taken between quality, yield, and price in
synthesis and purification methods, assembly methods need to make sure that the nanostructures
are able to be readily moved into the place they belong depending on whether it is a carpet of
CNTs or just an individual CNT.
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Table 5.1: A table summarizing the different characteristics of each synthesis method.
Chemical Vapor MWNT Low- Benzene gas 1.87 x 10 8  $150/kg
Deposition
(Floating Catalyst) Medium
Chemical Vapor SWNT Low- CH4 gas 6.26 x 16' $1,586/g
Deposition
(Fluidized Bed) Medium
Arc Discharge MWNT, High Graphite 2.18 x 10 9  $180/kg (MWCNTs)
SWNT $1,830/g (SWCNTs)
Table 5.1 outlines each synthesis process and the attributes one can characterize each
with. As the table in Table 5.1 shows, the price discrepancy between SWCNTs and MWCNTs is
on the order of ten times. For commercial viability, Arthur et al in their research Carbon
nanomaterial commercialization: Lessons for graphene from carbon nanotubes, states that the
prices of SWCNTs need to be around $500/g and need to reach $50/g in the future to be
realistically implemented on a large scale [30]. None of the known manufacturing methods now
are able to produce SWNTs of adequate purity under the $50/g mark though testing different
methods under different conditions, such as using different catalysts, different carbon sources, or
using varying temperatures has helped optimize conditions to achieve progress towards the
desired geometry and purity at lower prices. As seen in the Table 5.1, CVD is the most practical
method of synthesis for mass production. This is partly due to the fact that hydrocarbon gases are
more readily available than pure graphite, and the energy required for the other two vaporization
methods require more energy.
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Because CNTs are dealt with on such a small scale, it's difficult to push them towards
large scale production in applications that require very specific placement. Processes now
haven't been achieved where this can be automated. For example, with the AFM, the CNTs
require placement by way of an optical microscope. If CNTs were to be integrated into circuits, it
would be hard to manufacture them on a massive scale because it would require careful manual
placement. Assembly methods need to reach a point where they can determine the location of
CNTs and move them with great precision. As Soohyung Kim mentions in his research on CNT
transplanting, processes dealt with on a very small scale gets increasingly complex as one
attempts to recreate the process on a larger scale.
Manufacturing larger surfaces of CNTs seems to be more promising right now with the
concept of nanopelleting. The modular approach is a proven concept in terms of assembly with
many other applications, such as housing, vehicles, and furniture to name a few. The big obstacle
here is being able to synthesize large tracts of CNTs at a reasonable rate. The difficulty here lies
more in synthesis than assembly. The synthesis process could be made more efficient with
regards to getting larger amounts of vaporized carbon to condensate instead of escaping and
going unused.
Great strides have been made since the recognition of CNTs in 1991, and processes have
been made much cheaper and more efficient. With the amount of research going on and the
amount of money funding this area of study, it is promising that advancements will continue to
take place. The application of this unique material spans a wide range of industries and involves
top scientists and engineers studying a range of subjects from physics to chemistry to mechanical
engineering around the world. Having that said, advancements with this material could change
many technologies. For example, ballistic vests could become lighter while damping a larger
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amount of a bullet's impact and energy storage devices could have a higher energy density.
Commercialization of CNTs is a critical milestone that needs to be achieved and will be a very
rewarding advancement resulting in improvement in devices and materials used in everyday life.
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